Background. Premature cardiovascular disease is the lead-
vascular risk in the non-renal population, the evidence effect of arterial wave reflections on central arteries has recently been shown to be an important independent predictor of base available for the rational management of cardiovascardiovascular mortality in chronic hemodialysis patients. The cular risk in renal transplant recipients is small. recently been shown to be a powerful predictor of cardioMethods. Using the non-invasive technique of pulse wave analysis aortic augmentation was investigated in 250 stable vascular and all cause mortality in patients on chronic renal transplant recipients. Peripheral pulse waveforms were hemodialysis ( Fig. 1) [2] . The technique of central pulse recorded from the radial artery. Central aortic waveforms were wave analysis employs applanation tonometry to record then generated and the aortic augmentation index calculated. the pressure wave from the radial artery accurately [3] , Results . In multivariate analysis, female sex (regression coefand a well-validated generalized transfer factor can then ficient 7.5 Ϯ 1.7%; P Ͻ 0.001), heart rate (Ϫ4.8 Ϯ 0.5% per 10 beats/min; P Ͻ 0.001), mean arterial pressure (4.2 Ϯ 0.6% be used to generate the corresponding aortic arterial per 10 mm Hg; P Ͻ 0.001), the persistence of an arteriovenous waveform [4] . From this, AIx can be assessed non-invafistula (4.1 Ϯ 1.3%; P Ͻ 0.005), total time on renal replacement sively and reproducibly [5, 6] . therapy (3.8 Ϯ 0.9% per 10 years; P Ͻ 0.001), height (Ϫ3.1 Ϯ Classical risk factors do not account for the totality 0.8% per 10 cm; P Ͻ 0.001), immunosuppression with cycloof cardiovascular risk in renal transplant recipients. A sporine (2.8 Ϯ 1.3%; P Ͻ 0.005) and age (2.5 Ϯ 0.5% per recent study found that the Framingham Heart Study-10 years; P Ͻ 0.001) were all important correlates of aortic augmentation index.
based cardiovascular risk equation significantly underConclusions. Our findings suggest, to our knowledge for the estimated the risk of ischemic heart disease in renal transfirst time, that both the presence of a functioning arteriovenous plant recipients [7] . These findings suggest that other fistula and immunosuppressive treatment with cyclosporine are factors, in particular non-classical cardiovascular risk associated with an increased aortic augmentation index in refactors, may play a significant role in the increased carnal transplant recipients and could, therefore, be potential rediovascular risk observed in these patients. Identification versible contributors to the high cardiovascular risk profile in these patients.
of these non-classical risk factors might help target interventions to reduce the high incidence of cardiovascular events observed in renal transplant recipients. The aim of this study was to assess the impact of several classical Premature cardiovascular disease is the leading cause cardiovascular risk factors, immunosuppressive agents, of death in renal transplant recipients and as a conserenal function and the presence of an arteriovenous quence, one of the leading causes of renal allograft fail-(A-V) fistula on AIx in a large cohort of stable renal transplant recipients.
Two hundred and fifty patients who had a working renal transplant and whose creatinine clearance had not 
Data analysis
Statistical analysis was performed with SPSS version 8.0 for windows (SPSS Inc, Chicago, IL, USA). A multiple linear regression model was derived for AIx using stepwise regression analysis. Factors introduced into the model were sex, age, height, weight, heart rate, mean blood pressure, left ventricular ejection time (LVET), smoking and diabetic history, presence of a functioning A-V fistula, immunosuppression with cyclosporine, tacrolimus or a non-calcineurin inhibitor based regime, antihypertensive and cholesterol lowering medication, serum total cholesterol, albumin, calcium and phosphate con- not significant were excluded from the model. The final model was checked for normality by plotting the residuals. Results are means Ϯ standard deviations or medians (interquartile ranges). Normally distributed variables changed by more than 5 mL/min for at least three months were analyzed by unpaired t tests or analysis of variance were recruited from the transplant clinics at the Richard (ANOVA). Variables that were not normally distributed Bright Kidney Unit, Southmead Hospital, Bristol. Apwere analyzed by Mann-Whitney U or Kruskal-Wallis proval for the study was obtained from the local Renon-parametric tests. Frequency differences were tested search Ethics Committee and informed consent obtained by the 2 test. A P value of Ͻ0.05 was considered statistifrom each participant. The investigation conformed to cally significant. the principles outlined in the Declaration of Helsinki.
Peripheral blood pressure measurement RESULTS Brachial artery blood pressure was measured in duTwo subjects were excluded from the analysis because plicate using a validated oscillometric technique (HEMof incomplete data being available. Both cases were 705CP; Omron) [8] or using a mercury sphygmomanowheelchair bound and, therefore, their height could not meter according to the recommendations of the British be accurately measured. Inclusion of these two patients Hypertension Society [9] . Values are reported as the by estimating their height did not make any significant mean of two stable readings.
impact on the analysis. The demographics of the group are shown in Tables 1 and 2 with patients divided by Pulse wave analysis persistence of arteriovenous (AV) fistula and immunoCentral pressure waveforms were derived and anasuppressive regime, respectively. All but two of the palyzed using the technique of pulse wave analysis (Sphygtients taking cyclosporine were on the Neoral formulamoCor; PWV Medical, Sydney, Australia) as previously tion (Novartis, Surrey, UK). described [5, 6, 10] . In brief, a high fidelity micromanoIn multivariate analysis, gender, heart rate, mean artemeter (SPC-301; Millar Instruments, TX, USA) was used rial pressure (MAP), the presence of a functioning A-V by an experienced operator (CJF) to flatten, but not ocfistula, total time on renal replacement therapy, height, clude, the radial artery by using gentle pressure with the use of cyclosporine in the immunosuppressive regime wrist slightly extended and supported on a pillow. Data and age were important correlates of AIx (Table 3) . were collected directly into a portable computer and, Together these variables accounted for 60% of the variafter 11 seconds of data capture, an averaged peripheral ance. The mean values for AIx in patients with and waveform and a corresponding central waveform were without a persistent AV fistula and on different immunogenerated. The central waveform was then analyzed ussuppression regimes are shown in Figure 2 . Diabetes, creatinine clearance, albumin, hemoglobin, smoking hising the system software to determine AIx and central Data are means Ϯ SD, medians (first and third quartiles), N (%). Abbreviations are: RRT, renal replacement therapy; C Cr , creatinine clearance; SBP, systolic blood pressure; DBP, diastolic blood pressure; Tr, timing of return of reflected wave.
a P Ͻ 0.05, b P Ͻ 0.01, c P Ͻ 0.0001 for patients in the tacrolimus or non-calcineurin inhibitor based immunosuppression groups versus patients in the cyclosporine group tory, weight, total cholesterol level, calcium phosphate apy was not included in the model, time from current product, LVET and use of antihypertensive or lipid lowtransplant became an independent predictor of variation ering medication were not significant determinants. Rein AIx (coefficient 4.8 Ϯ 1.0%; P Ͻ 0.001) with the other sults for the coefficients in the equation (Table 3) are correlates remaining unchanged. expressed in clinically meaningful units of measurement. Time from current transplant was excluded from the final DISCUSSION model using stepwise regression, most likely because of
The results show that three non-classical risk factors its correlation with time on renal replacement therapy (r ϭ 0.76, P Ͻ 0.0001). If time on renal replacement therfor cardiovascular disease-the persistence of an A-V fistula, time on renal replacement therapy and treatment with cyclosporine-are important contributors to AIx. In addition to these factors, our study confirmed that gender, heart rate, blood pressure, height and age remain important determinants of AIx in renal transplant recipients. The contribution made by these factors to AIx is very similar to that observed in healthy subjects [11] . Indeed, an increase of 10 beats per minute in heart rate in our study produced a decrease in AIx of 5%, which is very similar to the percentage found in an interventional study using patients with cardiac pacemakers in which AIx decreased by 4% for every 10 beats per minute increase in heart rate [12] .
Augmentation index is often considered to be an index of arterial stiffening. However, AIx depends on many factors including pulse wave velocity, traveling distance of pressure waves (body height), ejection duration, and the reflective properties of the arterial system. Arterial stiffening increases pulse wave velocity and influences transit times of pressure waves (Tr in Fig. 1 ). Arterial stiffening, therefore, reduces Tr from the peripheral reflec- ties of the vascular tree that could be altered independently of vascular stiffening [13] . The peripheral reflectance is influenced by physical properties, vasomotor tone also results in decreased diastolic tension-time index and the number of smaller resistance arteries [13] . Sev- [15, 17] . These alterations increase left ventricular oxyeral abnormalities in the microcirculation of renal failure gen requirements and predisposes to left ventricular hypatients have been reported including decreased endopertrophy. The reduced diastolic tension-time index conthelium-mediated vasodilation in cyclosporine-treated tributes to modifications of coronary perfusion with transplant recipients [14] . Using pulse wave analysis, it relative subendocardial ischemia [15, 18] . Therefore, it is currently not possible to distinguish the relative contriis perhaps not surprising that AIx has been found to butions made by large or small vessel pathology to the have a strong association with echographically measured measured AIx. left ventricular hypertrophy [10] and has been found to An increased effect of wave reflections on the aorta be a powerful predictor of cardiovascular and all-cause causes increased pressure during systole increasing left mortality in hemodialysis treated patients [2] . ventricular workload and promoting left ventricular hyWe found the persistence of a functioning A-V fistula pertrophy [15], a strong independent predictor for allcause mortality [16] . Early return of the reflected wave to be associated with a higher AIx in this population.
The creation of an AV fistula for hemodialysis access responsible for the increased AIx observed in the cyclosporine treated patients in our study. Interestingly, there lowers systemic vascular resistance and results in an increase in cardiac output in order to maintain blood preswas no significant difference in Tr between patients on cyclosporine and tacrolimus, suggesting that the insure [19] . A sustained increase in cardiac output and arterial flow is associated with dilation and hypertrophy creased AIx observed in cyclosporine treated patients is not as a consequence of increased aortic stiffness. of large conduit arteries [20] . Moreover, a persistent increase in cardiac output, by the mechanism of myoAlthough cyclosporine and tacrolimus are both calcineurin inhibitors and are thought to have similar intringenic autoregulation of peripheral blood flows, can lead to a secondary increase in peripheral resistances and sic properties, the incidence of hypertension has been found to be lower in patients treated with tacrolimus remodeling of small resistance arteries [21] . These alterations in vascular structure and function have a negative compared with cyclosporine treated patients [27] . However, trough tacrolimus levels strongly correlate with total feedback on left ventricular afterload, increasing the aortic impedance [22] . The enlargement of large conduit tacrolimus exposure, whereas this correlation is poor for cyclosporine [28] . Thus, it may be easier to stay within arteries increases the inertial effect of the blood mass, the hypertrophy of arterial walls increases the stiffness the therapeutic target for tacrolimus, which may translate into less post-transplant hypertension and arterial of the arteries, and the remodeling of the resistance arteries increases the peripheral resistance. These effects stiffness. All except two of the patients in this study were on the Neoral formulation of cyclosporine, which serve to increase AIx, as observed in our study. Furthermore, these changes in circulatory hemodynamics lead contains ␣-tocopherol. From our study we cannot tell whether this antioxidant vitamin affects arterial stiffness to left ventricular hypertrophy as an adaptive response to a long-term increase in volume and pressure overload.
in any way. Patients not on a calcineurin inhibitor-based immunosuppressive regime (all were on steroids and azaIndeed, left ventricular mass decreases significantly in renal transplant patients after closure of an AV fistula thioprine or mycophenolate mofetil) had similar AIx to patients on cyclosporine. However, these patients had with no observed change in blood pressure [23] . Whether AIx would decrease, or indeed cardiovascular risk imbeen on renal replacement therapy for a considerably longer period of time (Table 2) , which we have shown prove after closure of an AV fistula is still to be determined. However, rather intriguingly, the presence of a to increase AIx. In our cohort, patients would have been on tacrolimus only if they had a mismatch at the DR previous AV fistula has been found to be associated with fatal and nonfatal cardiac events perioperatively during locus, on a second or subsequent transplant, or had an episode of rejection while on the cyclosporine treatment. the AV fistula creation [24] , suggesting that the presence of an AV fistula is indeed a non-classical cardiovascular Although we believe it to be unlikely, it is possible that any of these factors could in some way account for the risk factor.
Hypertension occurs in approximately 80% of patients increased AIx observed in patients on cyclosporine compared to those on tacrolimus. on cyclosporine following renal transplantation [25] . Using multivariate analysis to correct for blood pressure, Diabetes mellitus has been shown to increase AIx in some [29, 30] , but not all [31] studies. It appears that we found cyclosporine-but not tacrolimus-to be associated with a higher AIx, despite both agents being calany effects of diabetes mellitus may have been masked by the other factors relating to this cohort. Furthermore, cineurin inhibitors and being thought of as having similar actions. Indeed, compared with patients on tacrolimus, only 10% of our cohort had diabetes mellitus (Table 2) , and any small effect may have been missed. Creatinine patients on cyclosporine had a markedly raised AIx (Fig. 2) . Cyclosporine also has been found to predispose clearance was not associated with AIx in our group of patients. Creatinine clearance has been shown to be assoto left ventricular hypertrophy more so than would be expected from the higher associated blood pressure [26] , ciated with arterial stiffness but only in subjects with plasma creatinine concentrations well within the normal a finding that could be explained, at least in part, by the association we have found between cyclosporine treatrange [32] . From our study it would appear that length of exposure to uremia is a much more important factor ment and higher AIx.
The pathophysiology of cyclosporine-induced hyperthan renal function after transplantation. Neither total serum cholesterol nor treatment with a statin was associtension is not yet known. Several possible mechanisms have been proposed including sodium retention, raised ated with AIx in this study. Although increased arterial stiffness has been shown in hypercholesterolemics [33] , circulating endothelin levels, transforming growth factor-␤ (TGF-␤) mediated endothelin synthesis, altered most of our study population had a total cholesterol value within the normal range (Table 2 ) and thus any prostaglandin production, impaired basal production of nitric oxide, increased plasma renin activity and activasmall interaction may have been missed. Similarly, hyperparathyroidism has been associated with increased tion of the sympathetic nervous system [14] . It seems likely that one or more of these mechanisms may be 
